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Abstract— Peer-to-Peer Overlay networks enabling an end-

end application level-multicast service have drawn 

enormous attention. This paper proposes a self-organized 

< , >-Multicast Overlay Network (< , >-MON) that 

enables an efficient end-end application level multicast.  The 

< , >-MON is organized into MON-Clusters, where  is the 

maximum physical number of hops between any two end-

nodes in each MON-Cluster. Thus, end-users accessing from 

different areas are able to broadcast data into each MON-

Cluster within a constant  physical number of hops. 

However in a dense-mode, increasing the size of MON-

Clusters induces a long logical diameter that manifests high 

stress per physical links and high delay to disseminate data. 

Thus, this paper limits the expansion of each MON-Cluster 

within a specific logical diameter .  Each MON-Cluster is 

constructed with at most  logical hops over  physical hops.  

Thus, end-users are able to efficiently disseminate data into 

each MON-Cluster within  logical hops over  physical 

hops with reasonable stress per physical links and 

bandwidth consumption. 

Index Terms— Network Services and Applications, 

Application level-multicast, Peer-to-Peer Overlay Network. 

I. INTRODUCTION

HE Peer-to-Peer (P2P) overlay networks are 

decentralized systems in nature, without any 

hierarchical organization or centralized control. P2P 

overlay systems go beyond services offered by client-

server systems by having symmetry in roles where a 

client may also be a server. As a result, P2P overlay 

networks have drawn increasing attention nowadays and 

have been widely deployed on the Internet for various 

purposes, including distributed data storage [1][2], file 

sharing networks [3], information retrieval [4] and 

information dissemination [5]. We can view P2P overlay 

network models spanning a wide spectrum of the 

communication framework that specifies a fully-

distributed, cooperative network design with peers 

building a self-organizing system. Depending on the 

sequence of construction of the control and data 

topologies, the P2P overlay networks are classified into 

three different approaches: tree-first (e.g. ALMI [6], Yoid 

[7]), mesh-first (e.g. Narada [8], Scattercast [9]) and 

implicit (e.g. CAN [10], Community Overlay Network

CON [11]) approaches [12].   

This paper proposes an implicit self-organized overlay 

network model that enables scalable and efficient 

information dissemination. It introduces an autonomic 

< , >- Multicast Overlay Network (< , >-MON or 

simply MON) construction scheme for efficient end-end 

multicast service. Moreover, this paper looks into the 

question of how the deployment of such MON might be 

utilized to support multicast services and applications. 

We outline the design of an application-level multicast 

scheme built upon MON.  The MON is organized into 

MON-Clusters.

The physical distance between any two end-nodes in 

each MON-Cluster is less than or equal  physical hops. 

In large-scale and dense networks, increasing the size of 

MON-Cluster yields a long logical diameter that 

demonstrates high stress per physical links and high delay 

to disseminate data. Thus, this paper designates the 

logical diameter, 
)( jD of each MON-Cluster j at instance 

of time  is bounded by . The MON-Cluster is not 

allowed to expand than  logical hops over  physical 

hops. This is called < , >-Clustering property. We argue 

the efficiency of the multicast service over the proposed 

MON to the < , >-Clustering property, in other words, 

to the topology awareness construction of each MON-

Cluster over  physical hops and to the expand limitation 

diameter . That limits the expansion of the MON-

Cluster’s diameter. Thus a message can be broadcasted 

over MON-Cluster within at most ,  number of 

physical hops and number of logical hops respectively. 

The remainder of this paper is organized as follows. 

Section 2 discusses some related works. Section 3 

exhibits 2-tier architecture of the < ,  >-MON, 

construction scheme and fault-tolerance. Section 4 shows 

the simulation setup and performance results. Finally, 

section 5 draws our conclusion. 

II. RELATED WORKS 

This section discuses some related works of overlay 

construction for Application level multicast. In previous 
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work, several research proposals have argued for 

application-level multicast [7, 8, 9] as a more tractable 

alternative to a network-level multicast service. They 

have described designs for such a service and its 

applications. The majority of these proposed solutions 

(for example [8, 9]) typically involve having the members 

of a multicast group self-organize into an essentially 

random application-level mesh topology. Over which a 

traditional multicast routing algorithm such as DVMRP 

[13] is used to construct distribution trees rooted at each 

possible traffic source. Such routing algorithms require 

every node to maintain state for every other node in the 

topology. If the multicast group is composed of N nodes 

then each node should maintain state for N-1 nodes. 

Hence, although these proposed solutions are well suited 

to their targeted applications. Their use of a global 

routing algorithm limits their ability to scale to large 

(many thousands of nodes) group sizes. Moreover, it 

limits their ability to operate under conditions of dynamic 

group membership. Bayeux [14] is an application-level 

multicast scheme. It scales to large group sizes but 

restricts the multicast service model to a single source. In 

contrast to the above schemes, CAN-based multicast [23] 

and < , >- Multicast Overlay Network can scale to large 

group sizes without restricting the service model to a 

single source. CAN overlay network employs landmark-

based placement at join time for underlying network 

topology awareness. At high density network, every CAN

node has increasingly many close-by nodes that manifests 

high stress per physical links and long delay for 

multicasting data. A CAN network with N nodes requires 

at most dN1/d logical hops to multicast a message [23], 

where each node maintains 2d neighbors. However, if 

this network is organized into small clusters with size S

where S<<N then a message can be broadcasted in 

parallel over each cluster within small number of logical 

hops.  In a high dense network, if CAN's overlay network 

is organized into clusters while preserving the underlying 

network topology awareness property. Then the cluster 

diameter increases and manifests high stress per physical 

links and long delay for multicasting data. To overcome 

this problem, it is it is required to limit the clusters' 

diameter. For that reason, this paper organizes the < , >-

Multicast Overlay Network into MON-Clusters that are 

not only aware of the underlying topology but also limit 

the clusters' diameter. To our knowledge, there is no 

article that constructs the overlay network based on < ,

>-Clustering property for efficient multicast service. 

However, for efficient routing and tracking some 

centralized and distributed approaches have been studied. 

These approaches enable the construction of sparse and 

locality preserving representations for arbitrary networks 

[15]. They used algorithms that divide a given static 

network G into small connected partitions with least 

possible number of nodes by means of a synchronous 

centralized/ distributed computation on G. These 

approaches were not capable of being applied to divide a 

dense and dynamic overlay network into clusters under 

the situations of frequent peers join and leave. In contrast, 

this paper focuses on step-step construction of the 

dynamic overlay network with maintaining the < ,  >-

Clustering property. 

The proposed < , >-MON is a new generation of P2P 

overlay network. It aims to provide high resilience 

through < , >-Clustering techniques, clusters as 

regular-graph composed of Hamilton cycles. Thus, the 

proposed < , >-MON step-step construction scheme 

enables an efficient multicast within each cluster over , a 

constant physical hops, and  constant logical hops at 

most. MON is not only aware by the underlying network 

topology but also aware with multicast cluster size. We 

argue that to the < , >-MON clustering technique that 

organizes MON into limited size clusters of nearby nodes 

in the underlying network. Thus, the multicast delay and 

network load are reasonable as shown in figures 4, and 5. 

III. < , >-MULTICAST OVERLAY NETWORK

This section describes the proposed multicast overlay 

network architecture and construction algorithm.  

Definition 1 (< , >-Clustering): Given a graph G = (V,

E, < , >), where vertex Vv , edge Ee .  The pair 

< , > is integer. It clusters the graph G into connected 

sub-graphs (MON-Cluster) C. Each cluster has a diameter 

less than or equal the upper bound diameter over

physical links. In other words, the distance between any 

two vertices in the MON-Cluster is less than < , >,

where ,   are the clustering parameters.

A. < , >-MON Architecture 

The 2-tiers architecture of MON is shown in figure 1 and 

explained as follows. It is composed of multiple MON-

Clusters Ck ; k=1, …,  in level 1. Each Ck has a tutor

node called tk. The physical distance between any i  Ck

and tk is d(i, tk) r; =2r as shown in figure 1. The 

distance between two vertices i and j, h(i, j), is the 

number of logical hops of a shortest path between i and j.

Its maximum value over all pair of vertices, 
)(kD  = max 

{h(i, j); i, j 
kC }, is the diameter of the MON-Cluster

k at instance of time . Where 
)(kD is less than or equal 

the upper bound diameter . In level 2 a cluster that 

contains all tutor nodes is constructed and called Tutors-

Cluster as shown in figure 1. The size of the Tutors-

Cluster is denoted by and equaled to the number of 

MON-Clusters in the level one.  

B. MON-Cluster

Definition 2 (MON-Cluster): The < , >-MON cluster 

is defined by a subset of nodes which are mutually 

reachable by a path of length at most  physical hops and 

 logical hobs for some fixed  and .
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Figure 1: The 2-tiers < >-MON architecture. 

Definition 3 The size, 
jC of a MON-Cluster C is the 

number of nodes in C. 

Each MON-Cluster (C) and Tutors-Cluster are 

constructed as a 2 -regular graph composed of 

independent edge-disjoint Hamilton Cycles (HC) [16]. 

Each node has 2  neighbors (node connectivity). Those 

neighbors are labeled as np
(1)

, ns
(1)

, np
(2)

, ns
(2)

 , …, np
( )

,

ns
( )

. For each i, np
(i) denotes the neighbor node’s 

predecessor and ns
(i) denotes the neighbor node’s 

successor on the i-th HC. For example, figure 2 shows a 

MON-Cluster consists of two Hamilton cycles with 

diameter D  =3 (logical hops) over the underlying 

network. The physical distance between the tutor node t1

and any node is less than or equal two (i.e. radius r = 2 

and diameter =2r) backbone physical hops between 

their routers. This paper constructed C as regular-graph

for three arguments as follows. First, regular graphs are 

chosen because it is required that all nodes having the 

same degree for load balance. Second, C is constructed as 

an intermediate of a completely ordered regular network 

and a fully random network for achieving two interesting 

features: short network diameter and high clustering.

High clustering feature is recognized if there is a high 

density of connections between nearby nodes, which is a 

characteristic of the regular topologies. Finally, the 

cluster C is composed of HC that enjoys the advantage of 

joining or leaving processes that require only local 

changes.  
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Theorem 1 (Cluster-connected):

A < , >-MON graph is cluster-connected if it satisfies 

the following conditions: 

1) The union of the MON-Clusters covers the whole < ,

>-MON.

2) Tutors-Cluster is connected graph 

3) For a MON-Cluster Cj, where 5jC there is a path 

from each node to every other node in the MON-Cluster. 

Proof: 

The first condition can be proved by the step-step 

construction scheme in section 3.3. Any new node joins 

the < , >-MON may join an existing MON-Cluster or 

construct its own MON-Cluster. Thus all nodes join the 

< , >-MON must be participating in a MON-Cluster.

Thus the union of MON-Clusters covers the whole < ,

>-MON.

The second and third conditions are satisfied because of 

the architecture of the MON-Cluster as a 2 -regular

graph that is composed of  independent edge-disjoint 

HC. If a Hamilton path connects every two nodes of a 

MON-Cluster then it is Hamilton-connected [20]. Thus, 

the network is (connected) non partition-able; to 

guarantee this, we construct HC with 5jC . For 

example if we construct the MON-Cluster as 4-regular, 4-

connected graph, then it should have two edges-disjoint 

HC [21], [24]. 

Definition 3 (MON-Cluster’s Diameter): The diameter 

of the 2 -regular graph (Cj) at instance of time  is 

bounded by  

j

j
D

D

CDN

j

j

),2(
22

2)12(2

)12(2...)12(221

)(

1

)(

)(

(1)  

This value is called the Moore bound [17], and it is 

known that, for 2)( jD and 32 . Where jC is the 

estimated size of MON-Cluster Cj at instance of time .

From equation 1 if 
)(

)2(1
jD

jC [18] then  

2log

)1log(
)( jj

C
D     

     (2). 

Thus, by estimating the size of the j-th MON-Cluster the 

diameter 
)( jD can be determined. 

1) MON-Cluster’s Size Estimation Algorithm 

Each MON-Cluster is organized as 2 -regular graph 

composed of  independent edge-disjoint HC. In order to 

allow a new end-node to join a MON-Cluster, It is 

required to estimate the size of this MON-Cluster and 

thus don’t allow it to expand its diameter more than .

The Cluster Size Estimation problem is representative of 

a large class of problems for collecting statistics about a 
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large-scale distributed system, in a decentralized manner. 

It has two flavors – one-shot and continuous. MON-

Cluster’s Size Estimation Problem gives a protocol that 

when initiated by one node, estimates the number of non-

faulty nodes in the MON-Cluster containing the initiating 

node. This problem is impossible to solve accurately in a 

dynamic cluster. Notice that a cluster size estimation 

protocol will take non-zero time to run. This motivates us 

to design an algorithm for approximate estimation. We 

propose a sample one-shot estimation algorithm of the 

MON-Cluster’s size as follows.  

i. A node X that requires to estimate the size of its 

MON-Cluster initiates Size_Est() request  with 

specific identifier QID.

ii. Node X send that request to both its predecessor and 

successor in a specific HC i-th. 

iii.  Each node (e.g. Y) received this query checks if this 

query received before or not. If Y didn’t receive this 

query it increases the number of nodes the query 

has been visited by one. 

iv.  Node Y sends the query to its predecessor or 

successor if this query was received from its 

successor or predecessor respectively. 

v.  Repeat this process until two queries carried same 

QID received at a node (meeting node) from its 

successor and predecessor. 

vi.  Then, meeting node (MN) counts the number of 

nodes has been traversed by both queries.  

vii.Node MN sends the estimated MON-Cluster’s size 

to the tutor node and the requester node.  

The number of messages required to estimate the 

MON-Cluster’s size is O(n) and O(n/2) times. Several 

efforts have been made to provide decentralized 

solutions to the cluster size estimation problem. M. 

Bawa, et al presents several mechanisms for 

aggregation and cluster size estimation [19]. One 

algorithm has an estimation query sent along a random 

walk within the cluster. When the estimation query hits 

a node for the second time, the protocol stops and the 

number of hops traversed so far can be used to estimate 

the cluster size – according to the birthday paradox, it 

takes nO hops for a random walk query to 

encounter a node a second time. Further studies 

concerning the network’s size estimation is out the 

scope of this paper. 

C. < , >-MON Step-step Construction Scheme 

This section introduces the step-step self-construction 

algorithm. When an end-user node X wants to participate 

in the multicast group then it calls Join_MON() process 

that runs the following steps. 

i. X looks up for a tutor node tj by using random walk 

or physical IP multicast. For example, figure 3-a

shows that node X discovers the tutor node t2 of 

MON-Cluster C2 with diameter 
)2(D .Then X sends a 

join request to t2.
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Figure 3: < >-MON Step-Step Construction 

ii. If [ 1)( jD  and (d(X, tj) r; =2r)] then 

node X calls Join_MONCluster(Cj) process to join 

the MON-Cluster Cj as shown in figure 3-b. The 

Join_MONCluster(Cj) process chooses  random 

nodes ),...,1(; lCm jl
and then inserts node 

X between each node li and its successor node (ml

ns
(i)) in the i-th HC similar to our previous work in 

[5].  

iii. Otherwise, if [d(X, tj) > r or 1)( jD ], the 

tutor node tj broadcasts a join request message in the 

Tutors-Cluster and then waits time-out  period for a 

reply from the tutors nodes in the Tutors-Cluster. 

There are two cases: 

a) No response is received within the time-out 

interval , then node X creates its own new MON-

Cluster and becomes a tutor node. The number of 

tutor nodes (MON-Clusters)  increases by one. 

For example, in figure 3-c node X becomes a tutor 

node t3 of the new MON-Cluster C3. This new 

MON-Cluster is denoted by C +1.

b) If tj receives multiple of replies then it selects the ts

with the smallest distance to X where d(X, ts)  r,

1)( sD and the minimum
sC . Then node 

X calls Join_MONCluster(Cs) process to join the 

MON-Cluster Cs. For example node X joins C1 as 

shown in figure 3-d.

D. Multicast Process 

Every node X wants to disseminate a packet p over the 

< , >-Multicast Overlay Network processes the 

following steps: 

i. Node X broadcasts the packet p to its neighbors, who 

in turn broadcast p to all their neighbors, except the 

neighbor form which it was received.  

ii.When a tutor receives the packet p, then it broadcasts 

this packet to its neighbors in the MON-Cluster.

iii. In addition, each tutor node in turn broadcasts p to its 

neighbors in the Tutors-Cluster.
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iv. This application level-multicast process goes on till 

the message packet p reaches all nodes in MON.

In the multicast process, each node/tutor autonomously 

monitors the received packets to forward only one copy 

of the duplicated received ones. 

E. < , >-MON Fault-tolerance 

a) End Node Leave: When node X decides to leave the 

MON-Cluster, it notifies its neighbors and then creates an 

edge between its successor and predecessor end nodes in 

each clockwise i-th HC as follows. 

right_neighbor(i)         = X-> np
(i);

left_neighbor(i)                 = X-> ns
(i);

            right_neighbor(i)-> ns
(i)  = left_neighbor(i);

            left_neighbor(i)-> np
(i)     = right_neighbor(i);

Obviously, the leave process requires only local changes 

in the network with O( ) messages [5].  

b) End-Node Failure: It is also required to consider the 

difficult case of end node failure. For fault-tolerance, we 

assumed that each end node knows the predecessor of its 

predecessor node and the successor of its successor node 

in each cycle. The node failure is detected locally as 

follows. The neighboring nodes of the failed node X,

periodically exchange keep-alive messages with node X.

If node X is unresponsive for a period , it is presumed it 

failed. Thus, each neighbor node sets 

right_neighbor(i)-> ns
(i) =

   right_neighbor(i)-> ns
(i)-> ns

(i)  

left_neighbor(i)-> np
(i) =

left_neighbor(i)-> np
(i)-> np

(i)  

for each i-th HC. This fault-tolerance process connects 

two nodes around the failed node in the same cycle and 

sets the predecessor and successor nodes to its 

predecessor and successor. It maintains the HC. This 

technique scales well: fault detection is done by 

exchanging messages among small number of nodes, and 

recovery from faults is local; only a small number of 

nodes (2 ) is involved. In addition, this technique 

maintains the MON-Cluster composed of disjoint HC. If a 

Hamilton path connects every two nodes of G then G is 

Hamilton-connected [20]. Thus, the network is 

(connected) non partition-able; to guarantee this, we 

constructed HC with 5jC . For example if we 

construct the MON-Cluster as 4-regular, 4-connected

graph, then it should have two edges-disjoint HC [21].  

c. Tutor node Leave:  When a tutor node wants to leave. 

It selects one of its neighbors randomly to act instead of it 

after his leave.  

d. Tutor node Failure:  Periodically, the neighbors of the 

tutor node tj exchange keep-alive messages with tj to 

detect its failure. When tj failed then one from its 

neighbors becomes a tutor node. Then this new tutor node 

sends join request to the Tutors-Cluster. In addition, in 

the Tutors-Cluster, the neighbors of the failed tj detect its 

failure and then remove their links with it and wait for 

new tutor node to join instead. A small number of nodes 

(3 ) is involved in the Tutor node fault tolerant process.  

The details discussion and evaluation of the proposed 

fault-tolerance are out the scope of this paper. For more 

details please refer to [5].  

IV. PERFORMANCE EVALUATION

This section demonstrates the proposed application level 

multicast over < , >-MON. To evaluate the 

effectiveness of the proposed < , >-MON step-step 

construction scheme of MON, we first compare it with 

MON. The MON is an overlay network that is 

constructed with topology awareness. It organized the 

MON into MON clusters, where the physical distance 

between any nodes in each cluster is less than or equal to 

 The MON expands the MON-Cluster without size 

limit. In addition, we use the following metrics.  

Mean Maximum Communication Delay (MMCD). It 

measures mean of the maximum communication delay 

required to broadcast a message from any end-node to all 

end-nodes in MON. The simulation picks a random end-

node that initiates a message and then broadcasts it to all 

nodes in MON. Then the simulation determines the 

required Maximum Communication Delay (MCD) to 

broadcast that message into MON. The simulation repeats 

this process by selecting different random end-nodes until 

all nodes broadcast the same message. Finally, it 

determines the MMCD.

Physical Link Stress, a measure of how the proposed < ,

>-MON constructing scheme for MON that is effective 

in distributing network load across different physical 

links. It refers to the number of identical copies of a 

packet carried by a physical link for service discovery. 

The simulation picks random node that send a packet and 

then measures the worst stress value of all physical links. 

A. Simulation Setup 

The simulation consists of 50-500 backbone routers 

linked by core links over the underlying topology transit-

stub model. The Georigia Tech [22] random graph 

generator is used to create that network model. Random 

link delay of 4-12ms was assigned to each core link. The 

end nodes were randomly assigned to routers in the core 

with uniform probability. Each end-node was directly 

attached by a LAN link to its assigned router. The delay 

of each LAN link was set to be 1ms. The transit-stub

network model consists of three stub domains per transit 

node, with no extra transit-stub or stub-stub edges. The 

edge probability between each pair of nodes within each 

stub domain is 0.42, 0.6, and 1.0 respectively.  The 

simulation ran with different number of end-nodes N that 

is ranged from 100 - 1000.
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B. Simulation Results 

Figures 4-a, 4-b plot the number of physical links 

suffering from a particular stress level on the Y-axis, 

against the range of stress levels on the X-axis. Figure 4-a 

proves that the multicast’s traffic overhead induced over 

< , >-MON is less than the traffics overhead induced 

over MON by 37% when the number of end nodes N is

1000, the number of routers R is50 , = 4 and =3 while 

it is 13% when R=500 as shown in figure 4-b. Moreover, 

the < , >-MON improves the links stress by 9% when 

R=50 and =3 than when =5, similarly when R=500 the 

link stress is improved by 5% when =3 than when =5.

This proves that the proposed < , >-MON construction 

scheme reduces the links stress more in dense network 

topologies. We argue that to the < , >-MON proposal 

limits the expansion of the MON-cluster.

  Figure 5 plots the variations of the MMCD along with 

the MON’s size over dense and sparse transit-stub 

physical network with different sizes 50, and 500 routers 

respectively. Figure 4 shows that the communication 

delay over < , >-MON is less than the communication 

delay over -MON by 3% and 0.8% in dense and sparse 

networks respectively. Moreover it shows that for small 

MON’s size is not effective but it shows improvement of 

the communication delay by 37% when N=1000 in dense 

network and about 1% in sparse network. This proves 

that the < , >-MON is efficient for dense networks. 

Finally, the simulation results mentioned before give an 

insight that the proposed < , >-MON construction 

scheme constructs MON that enables efficient and 

scalable multicast service. 
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